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(57) ABSTRACT

A method and a system for the acquisition and tracking of
BOC(m,n) modulated codes, m/n equal to an integer, 1n which
a correlation function 1s calculated of the BOC(m,n) modu-
lated code recerved from a remote transmitter with a code w
locally generated at a recerver terminal according to one from
the following the relationships:

wo(T)=c(v,)-a [prn(v,+1/2)-prn(v,—1/2)]
w,(T)=c(t,)-a-fprm(t, +nT.) 2m)—pru(t,~n T,/ 2m)]
w,(T)=c(t,)-a-fprn(t, +nT./am)+pru(z,~nT,/4m)]
w,(t)=c(x,)-a-forn(v, +3nTjdm)y+prm(t,-3nT/dm)]
w)=[prn(t,+nT./Am)+pr(t,—nT./4m)]
wt)=[pru(t,+nT./2m)-prm(t,~nT./2m)]

wherein c(t) 1s a local replica of the BOC modulated
pseudo-random noise code with delay t,, PRN(T) 15 a
replica of the unmodulated pseudo-random noise code,
and a 1s a predetermined weight coellicient, and

the correlation function being at the base of an acquisition

BOCqar l:

20

test function whereby a code acquisition 1s recognized
for a value of the test function being higher than a pre-
determined threshold.
24 Claims, 16 Drawing Sheets
10
BOC ~
k
PRN
L
o =12
¥




US 7,949,038 B2

Sheet 1 0of 16

May 24, 2011

U.S. Patent

a olin rg Sy
- - - - -

] 4 . ]
1 4 : 3 .

L ] ¥

’ A

- - t.‘ . -
I-...I_I_..l_.l.l..t.l,l&.l-l_ wile iy ool el il 1-‘.‘ .I_.Ilr.l..l_.l_l..l_.l.wll.l_ ke e R -

I
h |
1 1
q
A

.#
]
1
]
¥
ol e g .l_l_...__—_l.i L L L N ¥ Ly W _l.-ﬂlnl_.lll.l.l_,ll.‘l-ﬁ_.l._.l - .II_.I_:.II..I_H. R OEE N L A
i
4
J
2

-

|
]
1
7
J L
'y T F ¥ - ¥ l_.ltj o ] I._lt..l.!-l..li.-‘i.l..l_'il .I-l._li...l.l__.l N I - AT e -l A
_ |
X
I
k

a ’

1 1
A 1
i F

“I_._l e oy s S - ,J-._I__._l_. b = - l_.ll_:lul-l:l..i__l_fl_...ltl ,Iﬁ.'l..,'-.l._l_.'! :I - .

“ | )
| " _
| i .

¢ @

4

gy = A l____ll...J-ll.. . L _‘.r.‘_ .I..lrl..llq.l.l.ll_"l,.__llll..l.l L l..lml__l__.‘:l.l - ek g

¢ 4

ndino pazijeuwlIoN

- w gy -

=

- o il e e il Ju,.l.l..r I:lil_-.l_..l:l.!t“.l_l:lnf.ll.l .rluh.T oy g il or o s S sl gy ey ]

1

0,8

JJT r-‘.'

-

W e w eeain el gl

-2 it

e

02 O

3 '_'IF.-.._I‘_....«I.I...FI.I..I{ -

f‘." g o i npgr oy W - I-I_.!.lillll..lllﬁ-.r-.l..l - W i
-

¢

|

i

4

|
) '

B R I....l:l:l_"l_-...lh.l..l - W W W W

|

1

: |

]

1

]
1.5

013 "0:6: "r4-_.‘ -0;2 0

¥

Delay in TC

3

(Prior Art)

Fig.1

o

10

BOC
PRN

wa

14
20

BO O'SAT

Fig.2



U.S. Patent May 24, 2011 Sheet 2 of 16 US 7,949,038 B2

110
114 '
, Wa ' 22,
BOC,, ‘ | . . _
20—
Fig.3
200
Wa 27
BO(':S)’-"\T

: |
Fig.4



o0

|
K "
{ ) '
t 3 ] 1 e
i ' ' 1 ¢ 4
o “ " ’ 1 .",. ™ " |
- - .I.. r “ " m.« | | { A
' - .m lllll )y i ' u”. o , i Fi &
1 j -.I._IL..._I.._... R X - - ) " j I
f ' ) R i o : X ' ' . " { i
lllll , . } » I ¥
' ' E | i - - B | £ I ¥ 4 N
» i |
1 ¥ 1 » I 4R R 5 I I ' i I 4 ’ i
N 1 | P 5 ' - f I 3 1 b : ; ’ "
e ‘ 4 | - ) i L 1 ] b i - f » 4
- —— ' ' . ol v = e & 1 ) ’ ( “ : ' ‘
' * - wpa - 2 ' i avrwydewy= : “ " i , !
' | N .. : . . ittt : ¢ : _
6 v ) , - . o ; § " . \ u—.__.__..-_, iiii . . - y I
v ) ¥ » i “ ' . _ i ' _ =t ! “
- ' ' A ; _ ' ' ' oo
f - A i ! .Il._h. ’
S Y R { | L 1 ' ! : ] -ﬂ -_l.ll.l._ 5
0 4 P ¥ | ' ’ ' _ . ' 4
I dmm e o et ﬂ ﬂ. [ | » - — " ]
e ” T T T T r 1 ' " " ” ’ i
> . S et Vi " . : " | . “ ____ “
» _ i k
e - .ﬂ “ " ..... I“._.....l_l.l_ " i | ] ' "
lllll I Y |
h " - U ' N k| Ililu_1... s i b
S . el § 3 1 “ { .....l.._.“-ll 1 W )
___. : 0 " ! .~ .t = : R doemoad
v B - m -
) . - " “ . I:.../ . ] " “ v =
{ i
' " c WO : " “ o : , . ]
———t = _ - ot " ' ( / : ! ) .
y— u -_...-l...hr ﬂval g e ...__._..F J “ D~ " -__ H “
v -
\ o ' . m w " .“ .“. .“ - b “ " "
0 J 1 : b | -
- o " ___ 3 | . " “ . -lllhilll 5
lllll " + o
<t oo : A T L 3
¥
< . . [ T L N
>, : “ bt L . _
S ! ¢ memmyrea . . ! 3 I ] '
| i | ..- Ir.m.l._ll..l.__.l" ' ‘@ i i J
lllll i i ) ¥ i B a-l_.l_l_.l__l- ] b "
...“.. ::::::: \ { | _ ) u.li.....rull “ .
L, k ' ¥ C I I
! . { [ ' ) ' ’ ‘ - - i "
1 | [ [ L
) ) » ) " ) ‘ ‘ { ‘ w
' ’ ' i ’ 1 I i 1 k
-. | - v ¥ q _— 1 ] L
! t o i a 8 a I i . “
2 ) Il_*_..l ] § i ’ ’ ! {
.1- 1 “II* __l.l_ i [ ] ( " “ —
p T |
L2, ' ) " .“..l _ : . ‘
ﬂ "- - | e PP ,— ] b
f 1 ' ; . Y LT '
# ' ) » 4 e ww e )
_ ' 1 " ' ! me -~
o 3 I ) i ) " ﬂ " 5
Q) { ! A ” “ _ ’ ' ™N
. i { ¥ C b | {
) . ¢ ' ' ' {
b \ I } ’ r [
o @ x _ . 4 : : .
] i
O I~ . ] . ’
o) > ( ) N " -
e <
D - 3 - .
O ™~ 2 -
- - Y
Lo . o
-

uohounj jsa
. } uone|8.I0d
.. pazijeuu
ou 2y} jo _hm._m:m
_ ’ oy} @C;U@ .
}08}9p Jo Ayji

U.S. Patent

C/Nc; IEjB Hz]

Fig.6



US 7,949,038 B2

] .- 4 | 1
L ’ i ] )
S
] i N 1
T [ k ) 4 |
h | k k " 1
. i L | | |
L r I | i [
oF = = & - o e o Em AR O O v wy Hjas e wlm e P s o B OB W R Mg S m R o g T e A PR A o W B AR 5
yREEEEE hoomevhn gy m e e 8
» N & L | &k
L ’ .- : ' i
) - 1 b X
J " ) | L
. b 3 k .
O " " : _ ” ]
1 ltlill-l-.l."...r.l...l_l-rlr lllllll L _l_.- """ m
S ) 4 . " " .__
= : LL : _ ‘.
= _ " ) . " .
~) k ’ ] ] +
e ¥ ¢ A ] # ¥
e ] » ) | 4
' ’ ' L2 )
% .l.l___i.l..." llllll ..m lllll "._.....L.Il..l_“....[.llll i”.._...__._._.i._.__l %
i .
" . : .
§ 4 i i
I ' ] i k
d i | t k-
1 | 1 | '
R ] § | 3
b ) L] i f
' 2 | | 1
1 !IIL'I!h llllll F ||||| r lllll -r llllllllll = o & . Q
v— \ : : " : _,. “ «
0 i _ . ' * k |
o _ ” ; "_ ” ” "
N ' _ 2 7 1 I t
_4 ! ! . ’ 1 £ f
a _ _ : ' \ : ;
" I | ¥ | L | 5
w& W w q-‘Il“."-'l-r_l.llq.l._l"-.l--.l-“lll_ll.l."...'.llli-_..ll.“ lllll - 2
M ~ “ “ ‘ " " "
| 7 N | ¥ 1 $
9 i i ] § I ¥
] | ¢ ¢ i 4
! $ I L | 3 i
I ¥ 1 | [ ] k —
' , : , " ' !
" _H“v
- @ ® 9~ © 10 T 0 A
- o O - o - o - -

yead Alepuooas e buioajap ayj jo AljIqeqoid

U.S. Patent

C/N, (0B Hz]

Fig.”7

K iR | r I \ 1 ’ _ i
3 | [ i § w ] | ]
“ “ “ " “ ; ” “ "_
3 E I 3 3 i i J
o mmowrd mowow lmaandm -t of oswoanw _Ill.ﬁ_#..__l.lr..___
. 3 4 i | ﬂ GJ 4
" ¥ 1 ] L | ] ) |k #
/ i | | L I |
) } ] 4 1 ] i 4
' b $ A ' 1 ) [
R oy
i e F w, W wm e T - A R - e om A oam - mmm
, _~ r i 1 | | r "
! | ' 3 ¢ 4 }
] ¥ ] : e/ ) 4 1
1 N | [} — ] [ 4 [
‘ .- - - - - — h ﬂ - '.
P f i . “ ' | _ﬁ '
i ] ] [ | | v
..ﬂ'.‘! ....... = Commad
i { ; ] ' ! ! b
i (] | t 4 ¥ I ' $ i
1 | { “. £ ] I 1 i 9
| . ¥ H % * L | I |
] 4 1 L d 1 ' § | £
) # .. .l__-..l..lr..l - b .- b _ -. u— 1
lw.l_I._. - . I.._q___...l.....n_....___.J 11111 T == —-I__.I_..!-.J llll i __I.I_I,II..J
N | | ¥ 1 4 [ ¥ 1 [ .
| 4 | i 4 . ) 4 ¥ +
I f ’ ' i 4 I I ] i
| | ] ' i . ; 4 ] "
i 1 ¥ | |
F 4 “ * i ” |u I-_llltl.r.ll“llrﬂl._llllllll‘
i BT I S e B F W b v wmow - - .__..,.._ = g— B o A B Y o A mm Em e -y
L4 — ) | 1 | y )
.'I...-Ii.ll....l.!.l.l.rr...l.r
T it » 1 / i- * i [ } d
3 L | b ) I i [ i 1
A_ i i i ] | b i 1 ) |
. | ] 1 ¥ ) ] i i i d
{! _ : 1 ' - ’ ' ' ¢ '
: lu IIIII i R —— m ''''' L Y - H_.I ' . A ’
.I._!w._l_-l_l_ 1 .ﬂl. Im . u— - am l.l._ll.- ''''' —IlllIJ lllll -_I
x | ¥ ] [ i A b | L )
- ] | L . ¢ # I i t i
&_ 4 i [ d B’ [ ] F 1 I
L n ] L ] | | I | b
Au i » _._ b " ) I X '
b e j
- g W W hh s am 1 [P _.....__'. -_l‘.
? | ] i | o | -
’ ' ' y 1 1 l ) <
i i ' 4 4 1 [ E e e = i '
A f i ¥ / ¥ i il ) ' ]
L | 1 ¥ 3 : . i ] t )
1 ’ 1 | .ﬁ. i ' A v i
.ll..l“ 1111 “I_.l___ - u_l““..lm_-.r o O a -“-l_i. - ...“. ‘- I" lllll " ..... .m- [ Ry .I..h- llll .-..I
# 4 { I 8- 4 ’ | | '
L] H H | ." ¢ i | ¥ I
1 | J Y X%) t ) ' b '
[ ] | 4 1 | ? [ 1 )
' ’ ' ' i (I g 1 ) I )
| & K ) | 1 . N I J
-.Jl - v = . I..II...I..‘.L il e e sy Al el A o AR “ gy = g T oA g e o e g w wm ouwkhowr gy B W o wmm
I 4 t ) | I I . [ E
I | | | -Au B | | 4 [ *
k y ] (] h ] | ] ] i
._ d | | -“ I ; ] [ 1
i i | i ) ) ) | ] ]
* i ] | .‘.— 1 I i ’ I
e
\ ey O ~T Y - o < (n o -
[ | - * 4 [ ]
- - -~ - nﬁ < n_u .n_u

1NdINO 1012UILLLIDOSIP PazZI|BWION

1

06 04 0.2 0 02 04 06 038
Delay in Tc

0.8

~1

Fig.8



0.8

US 7,949,038 B2
EML

Al il ey

_----'—Fa—----
.

:
i
!
|
r
!
)

-I-I1II'I l.l.ll.i. llllllllllll

0.6

0.4

.....
i e ol e wt mil sk R O S A R . ay W S B N AR WA AT ik g v - =R dal wliir R W ulF ki whd B e Al AR AR

Sheet Sof 16

............
- S . " : . - A . e - s JEp A N . A
-

b R L B minp mil gkl e

— amy el — A P colll e v BN L R I o T F O R

May 24, 2011

O
0.
0

| i
| i
I ] !
] ] |
. f | 1
¥ < © < N Q N
s o S

<t
=
INdINO J0)euiwasip pazijeULION

U.S. Patent

Code tranlation in Tc

s o ¢ o o

INdINO J0JeUILILIOSIP umm___mE._.oz

Code tranlation in Tc




US 7,949,038 B2

Sheet 6 0of 16

May 24, 2011

U.S. Patent

L

!
L
i
|
'y
)
|
i
o~ o o W W o -
’
i
!
i

!
Iy
f
|
4
|
i
b
¢
'
'
{
- e Sl — il'-‘t.“!‘h‘Lﬁ.-‘ll “_"-
|
!
t
}
-
]
1
'
H
t
.1
i
t
[
[
—l

. . EE . R R i e e .l-‘_l.

0 e, <t o <

(4o1owW)
adojaaus Joi13

. e E S B

- e - - - A

b

PR L B

II'I.I.IW-Ir‘L‘Iir.

- et T o S

l.l. .'4

.

T s g W A

}
'
I
|
i

YR - e el e g

A ol L

wmr er v v W

-6 -_--——--l-——"-*:—-.l--_ et i e e -‘--———-—-—

__....._-Ii_._.._....l_._l.

L R

il - Ny W e Sl

o " e oy

L o e L

z

3-

{0

-

<+ ¢

-
S

- O
Q)
-

- =
q
Q.

0 G

29
()
N

-

<

5

o

o

Q)

Fig.11

mp e Gk wmh s =

. R R N

aE wm AW B PR

LN kil gl ageyle

A W e W W -k W W oW o W

.
- .
L #_—nnmﬂﬂnnﬂ&m-nhmnw—ﬂ—-—
L ] N -

- Em -mg W e dam gl

. EEm EEm S N R B

g m w own WA g wm

-ﬂhd-‘l'ﬂ---lﬁ—-t-r-—-.

-

Ma ol & fnhp W Ny W

ey

- g

- ek voly W A e

T WE B B S e e

gy Bl mbi dee ek omemy B A AR

ok o o W N N

el e S A Sl WP PER . oy Uk e mn W o En W W B O W

sk om wh ™ g W m o oW o=

A i af mm = e R

5

romie g ke M - A

- Wy W = W

- g W i ar W bk RS A A B G A e gem

M A T W aE R ok — o M W we mm

a
ll-llllr.'"ll"..rll

R L

@

uoneuwnse Aefep apoo

- aEE s A

1500 2000 2500 3000 3500 4000
Correlation number (4ms)

1000

500

F19.12



U.S. Patent May 24, 2011 Sheet 7 of 16 US 7,949,038 B2

12 |
- - ;

PRN —~ BOC
14"
C
BOC - X BOC/PRN
20’
Fig.13
12 PRN
10
PRN —_ — BOC
14

BOC

sat

20

Fig.14



US 7,949,038 B2

Sheet 8 0f 16

Sine BOC(6,1)

May 24, 2011

U.S. Patent

7
—— u”
L. ] -
: -
@A R 0
4 “ a
: (&)
g el !
i Cl
m U (0
Ay “ m..
m = ; o
) Lo * Ui
_ - [ ]
* =
¢ | - L _ Il
j 4%
t -
“ e
| } =
n ! 5 O
_ ) ) .m
_ | b= O
! _ - @
“ _ m .m
E']lllllllnrlﬂl“ll| _..I —_ u — .
i i w 5 T
| r - )
_ i _ ] o ()] .m
i i , ” R lm . ..m
_ ,, I T .
f i i " i j C g E
_ : ! u H MR s i S » m— .-.ﬂ...__
_ [ “ _ _ﬁ i m, — — 7
_ { 1 ! i T —_
— e —.1...._. PR w....._. _— — lm.l —_ !..ﬁ ....... L e Im.u _—— — .ml..:rr m— 2 et = R s il .ﬂb..l
! } m ! “ : i N
_ i _m i i ; C$
_ ! : 1 ! ; e
_ ! . i ] t 0
t { . _ ! i m |
_ ! n ﬂ ﬁ _ ; .u
- ._ i | _ ; m H “ _ M . M
” “ # m " ” L ! _ : # | ! s |
| _ : y L m w m _ “ ; I o !
aaaaaaaaaaaaaaa o u “ _ ﬂ m _ : T
_ _ _ _ “ _ - | “ _ _ | | _ m l.\\v_\ |
I | : ; 3 i 0 I|I.L.mlr|l|_|Illniilullllm“l:u.:im!h_iiihuin:!i:tltﬁ” ||B¢
! ; m : ; 'y ) i I ¥ R H ] ! 1.._]1..|\._||L...1m 1
_ m m 1 _ “ m R O M e ] * _
_ ! ! ” 5 M\x m _ “ | | | _ m m fr.ﬂ
- ™ . _ i " { | i _ m %
@ © ~ © ©» <« O - S S B e v I
© © © o o©o o ©° P e v 4 0 N x o @ o
Jamod UoIje(a10D PazIjeuLION |

ndino JOJBRURLILIDSIP PAZIEULION

code shift in Tc

Fig. 16



US 7,949,038 B2

Sheet 9 0of 16

May 24, 2011

U.S. Patent

= 96x

£ S
]
]
e e
_ | ﬁ m é H e, AN
:..il.llm.llll_llt.lm.l.l.llII::!*II.II__I..I.!.IEI!.:*!.“.\
m _ ﬂ AL L zm ....... oty e oo e m;.a. s..“!..:i:.;
i | i ; i |
) ! i ] i { -
' { i 4 i s N . 4
—— o wd - - wd w S . | — voed —
¥ _ | e
; i :

Code tracking BOC_(6,1)vs filtered approach, half T EL spacing, F_

Indino JoJeUIILOSID POZI[BULION

0.4

code shift in TC;

Fig. 17

Cosine BOC(1,1) ACF power, Fs=16x

a..i dede g
[ L]

_ STD BOC ACF
1
3

- Filt, a
Filt. a

[ N

——
——
—_—
N

: "i:‘ é "!if}
4

1
1
0.8 0.6

-
T

0.8

0.4

04 -02

Jamod uoljejanod pazijeuoN

; | i ; ! A ~

: u { _ i i ] A i

: i _ | : _ @!ITI.... ,,mﬂf/»,_,

\ ; . el Tl Yy

j : i i _ i ] i ,hfl/mw/,
e T R B e e e e
b _ } * m ; i i {

_. _ } | i i | i ¢

| _ i | _ i ; ¢ ] HM
N L | - — — & b b b bl b

! | I 1 ; ! i |

w _ ] ﬂ _ m | i t

: i | { } 1 i { | \u.,\
— fims...i;._iiim11:._;;#..:@11;111;:“!1.1,“!1i“:..\h._:w”w

L : ! } { t f i m._.f..._.r ,w

: : _ i 1 _ i _
- @ @« M~ © ww g M N v

- - o - () O - - -

0.6

0.2

0

-1

Code shift in TC

Fig. 18



US 7,949,038 B2

Sheet 10 0of 16

May 24, 2011

U.S. Patent

code tracking boc cosine (1,1), Fo=16x

«I‘“ﬁ : T : Y _
i i | i i ¢ |
o _ # i N | 11
d351 _ ! i i _ A
- i 0
»w © © © “ ! | _
E i -4
m w ._
%. ! A
_ _

0.8

Fig. 19

cosine BOC(1,1), F=32x, early-late spacing TJ16, filtered on early-late, BOC on prompt

i

i

HH A HEEFR

%
i‘r
;’
\

=R
i

1.!‘ j

*-00 856

n ;

HFFa4an FFI"F!H‘*—!“—HL‘
=
k
-

1

4 DOT filtered, a

DOT BOC

—o-— DOT filtered, a=1.5

m._

0.8

0.6

0.4

06 04 -02 0.2

0.8

Fig. 20



US 7,949,038 B2

Sheet 11 of 16
32x, early-late spacing T-/186, local BOC

May 24, 2011
cosine BOC(1,1) F¢

U.S. Patent

dmblyl sk, AL adle

T u.1 1
f= o 5
,
— i _ : >
+ ﬂ | . _.._,__._u .
B N S SR Lo
- | ) o
S e T N
I._ .l T U
M i iy j , -
o ATV I = 8 A N NS S BN SRS ) NN B A =
R e
: lix__n. { ¢
—y T 1J.\ r
N i ! m m
| i ! : << ]
o . "} T e ™
" i m { LLi
m ' -
i SOSUURN, S . n_.__u
.._.,__,m_q — . i m. i _ ! ] H e wj 2 411 ' .
S0 I s m __. T TS TTIT T T I TN - : .
 y E m
N £ W
B i ; i
. L | L ) fra— :
g -t ; | ﬂ z/f ! Jf_m:[llifr...f
— LT _ i SN i S
o — m T i _ 1 N ; “ o
—— oy TSt e - - .l|l..|t+...y,".|_||l.w|||xv..\Hi ﬂ.
..m { T
N ]
O _
[ _
"
D
-
O
&
p—
1
-
el
)
O-
0
O
lm

INdino JoJeulLLdSIP PAZIjeULION

Code shift

Fig. 22



US 7,949,038 B2

Sheet 12 of 16

May 24, 2011

Code shift in TC

Fig. 24

U.S. Patent

ﬁ
L.
_
_ e e - | O
o v | | m .,#ﬁ “ | 1 1O ol
o I ] i ,..,.__ r._...,.. ; f 1 + O n_.wu
H _ | _ L e B m W Q.

S e Tl I S .”Hx_qlslnsl i B .._.m.....,.n.f.,..!r - _f.. T n n lm ......._m M z B a
T Rk © 0 g = B =
o ) | LN | T A = = = ~SNE N/, I
i e e R e e L L = B S || |
m._ i k _ ; [ o — o &
£ ﬂ - .. DL nwm L‘ M :

o i H ; ; T - _
Q. e m- i Iy
v " - Vs .
..mu.u _.._..._.. by o fl e e
e i
© O o | "
m m 3 _..w.. i vermemrrrine 3 O el S B (T o e - llﬂ 0
e _ .h_ L. f } t ;
Q 9 . <C | _ J_lo |
0] = } i N
g S — :
e S @), . _
--i._.l..“ B I 2 0
s S Ll 2]
o)) ~
S &) il
> O o
: . 13 D |
-t ; : i {

- “ D
o, | 1 ¥ : = — »
A : | : m % -
= . | i . i (e _

O T i “ i ) r - - nm_ O
} v _ _ : i i
MW i Lo m ! : ! | 2 8
a3 { | | _ i | ! 0
o d PO R R AR NPT U, =t OUNUONE NS B - 1
¢ s _ i | A _ A _ _ “
m I 3 ! } ...rf,f_, _l\.\\k j _ _ i ﬂ
) _ i “ ; ,..;f—\ ; _ ! i : v
_ _ ! : Oy | “ : ,._
J _ ] _ L) | ok N —
~ 00 (O < N O N ¥ O o —
¢ @ o o S @ 9 9

19mod UOHE[S.L0D PBZIJBULION
JNdIN0 JOJRUILILDSIP POZI[BULION



US 7,949,038 B2

Sheet 13 0f 16

May 24, 2011

U.S. Patent

109 ACF BDC'E(.?A) s filtered approach for BOC-cosine, Fs=3x

X

| )
B Lnp)
i
©
P
_i %
@
. :
W
Q o
w.nu..lSL
2y o+
o © @ L
K X
I
N
i1
IIII.— IIIII
)
!

I
! }
! ]
| |
3 ;
! _
i | “
I VI H I
I | i
_
_
?
“
_
_
_
;
i
I_: )
........................ T— S I S
o n N
N

QQB

1008 1010

1000 1002 1004 1006

996

Fig. 25

S-cmes; cosineg BOCU(6,1) on P, pm shifted difference on early and [ate branches, spacing TJ12, fS=24x1;023MHz

| . P
; m R Sty
| promme .-__l. Fr_ m | ....l\lm.....i..s-u......_, ...iﬁlmi....ﬂu- ; ; it..ul.....q”_
....ﬂ“ Q| ; _ @ = i ! |
= ! § _
w o ol j @ _ {
Ccoc m._ m _ . _ i
4 @ ©Q _.,..;,,,,r_.......,.....tO :::::: N [ P R
M m m w _ : % _ “ :
- ) j ¢ _ “ H
" j ®) _ _
_ ; _ | :
P _._wlll._iii....fi..u,«..ll A | i .
) | “ C “ | _ | |
i ! “ m _ _ m ;
o @ B
H i H
| ! : @ ; _ M
IR . ® I S R
_ -@ ; _
] @ f { }
] - i _ } m
* ! ®© | “
i ® _ “ |
t....iiwl........ : L,.wu." -|.|Flli“¥l¥”1ilm||ti.
_ ¥ m : f
)
_ i % “ s i
: Rt Y R M |
ﬁ..uwln...:n.,........l.......h ..... |”. ........... | ] i § - LHIIHHi
aii....!..i_!::iq Hﬁﬂ:ﬂ_ﬂh“l[ii:lltiluallilarifllm
[ M— : [ } . _
'_.,.!y.sr._.l:..i m “" _ m ; ‘”D!ml'f_.m

! | ...l;@l pu S I :

| @ _ i

” ® _ “ m
I I lA.ﬂu.lll im e L am .....mlllw.... o —

m ! &. _ f :

ﬂ @ | | "

i @ i _ i :

“ M

m ®
lllll @ U Y I DUCRI SR

@ m | m |

) ! “ m

O .

@ i | § i

O ; i |
_ iu[ EEEEE A ot _ L

® _ _ “

@ _ _ !

ﬁ.hU ; | i

r ; | L

® _ |-
e . L _ [ I

m..mu _ _ H

i | ! i

.n_w_ | i H

ip*tl.....ﬂﬂ.w....uquﬁﬁw | ; i

| ; | I 1
= _ ! | |
© o =

¢ 9 9 <9

ndino JOJeUIWLUISIP PAZIELION

0.4

0.2

-0.4

-0.6

Code shift

Fig. 26



—

US 7,949,038 B2

EML on E+L
g ML ON P

ol
—r

-y e g . A oer A e [ e - T T p——

Sheet 14 of 16

aa B llr.

~ ] :

i
i
3

f— - — — f— f— fam— [ — m—— -

. = l_..‘_iﬁ‘
Il.ﬂ_,hﬁ...llL — -

A

_
i
Y _
e
At

;
# -
— =
t
i

d = - — = = b -
g
i
: E;
- - QEEEEOEENROOCES - - -

Cosine BOC(1,1), fourth family, shift T /4, spacing T /2

May 24, 2011

0.4

_
e - .- -
i | e XN 1 _
| f _ I way o ] y _
B i .ﬁ el _ _ :
i i H I i [ :
e = (VS [V JRI ,I;%w_._l S N W I SUVNSS . O R RV
ﬂ _ T S R S " _ " i
_ _ “\‘ : MK _ i ;
_ _ . el i _ i _
_ _ : v * _ _ *
_ ; , v _ } | i
i . - = o B e [ e s Rl
h : _ ", |
) i * m
- = “

U.S. Patent

i
)
;
}
N T © w®
| | i

INdINC I10)BUILLLIDSID PaZIfEULION

0.2

0.6

0.8

Code shift

Fig. 27

32x
i

cosine BOC(1,1), fourth family, shift T/4, spacing TJ/16, Fg

EML on E+L

I
b
— PR
;
;
;
il
I

e ]

: ¢ ]
m ] i i
._ } i i
- . - I
” ! i |
} i | I
j } i i
: _ |
S S T S I

F AN

0.4

IndINO JOJBUIWLIOSID POZIBULON

0 0.2

Code Shift

-0.2

-0.6

.8

Fig. 28



US 7,949,038 B2

Sheet 15 0f 16

May 24, 2011

U.S. Patent

| | | | [ T ™
_ _. ,..f_.. o _ o i o _
RIS TN
O - | # |
0 e _ * ]
4 P { ]
m tt _ * ]
e T T T N
p = LL ! _ _
L | ﬂ.
| "
# | w
| m
L J H
m_ |
A _a f

sigisw ul Jous adojaaua Buiyoel|

Second path relative delay

Fig. 29

32X

spacing TC(16, FS-.-'=

1

S-curves, sine BOC(1,1), early-minus-late waveform on eary and late branches

EML on E+L

-EML on P
- DOT product

i [ ] ]
i ] _
: | _
“ ! ;
i Dl _ ; 0
- T e
g el P
- o
oou -
i ! 8,
__ o

0.4

0.2

0
code shift

Fig. 30

DOT
0.2

S [
1

_'dt" . o o

fi »
o

(ROCEX

INAING JOIBUIILIOSID PAZIeWloN




US 7,949,038 B2

Sheet 16 0of 16

May 24, 2011

U.S. Patent

L€ DI

BIYS 9p0O
b 80 90 PO 22 0 ¢ O 1A' 90 80 -

-

i

D
D
s

N
o

INAINO J0JBUIWILOSID PAZI|RULION

Y shfeviel 000 e e AR
[yt g ek
TEE

& ’

NIEmNo._‘vanwh VA \o_._. buioeds ‘ssysueiq aje| pue Ales uo asualayip wd payiys ‘d uo (1'9)H0g auls ‘'SaAINd-§



US 7,949,038 B2

1

METHOD AND SYSTEM FOR RESOLVING
THE ACQUISITION AMBIGUITY AND THE
PROBLEM OF FALSE LOCK IN TRACKING
BOC(M,N) MODULATED SIGNALS,
PARTICULARLY FOR SATELLITE 5
POSITIONING/NAVIGATION SYSTEMS

PRIORITY CLAIM

This application claims priority from European patent
application No. 06425828.8, filed Dec. 12, 2006, which 1s
incorporated herein by reference.

10

TECHNICAL FIELD

Embodiments of the present invention generally relate to 15
the acquisition and tracking of Binary Offset Carrier (BOC)
modulated signals, and particularly to a method and system

for the acquisition and tracking of codes, which can be
applied 1n a recerver of a satellite positioning/navigation sys-
tem. 20

BACKGROUND

To be capable of recerving and decoding the information
from a satellite 1n a satellite positioning/navigation system, a 25
receiver 1s required to carry out an acquisition process to
recognize the signal 1n the space and correctly identity the
presence of the satellite from which this signal has been
received, the latter being typically atiected by unspecified
delay and Doppler shift. 30

Specifically, the acquisition and tracking system (fine
acquisition) of a recerver 1s required to recognize the correct
acquisition of a signal by carrying out comparison (correla-
tion) operations between the iput signal and a set of codes
(pseudo-random sequences) that belong to the various satel- 35
lites 1n the constellation and are locally generated by the
receiver, which operations are carried out in a research
domain being defined by the variables: code delay and Dop-
pler shiit.

The acquisition process generally implies calculating the 40
correlation between the received signal and a local replica of
the code available at the recerver, and an acquisition 1s
declared when the value of a variable or test function such as
a predetermined correlation function, such as the correlation
energy, 1s higher than a preset threshold. 45

The performance of the acquisition strategy 1s traditionally
assessed 1n terms of acquisition time, detection probability
and false alarm probability and depends, inter alia, on the
carrier signal-to-noise ratio C/N,.

BOC modulated signals are candidates for use in the next 50
generation satellite navigation systems, particularly the GPS
system updated edition and the innovative GALILEO system.
They have reduced multiple-path distortion and potentially
improved code tracking characteristics.

Disadvantageously, a BOC modulated signal has a mul- 55
tiple peak autocorrelation function. Due to the presence of
secondary peaks, several problems arise both during the
acquisition step and tracking step of codes, when prior art
receivers are used, which recognize an acquisition on the
basis of a threshold comparison of the signal autocorrelation 60
function. In fact, a lock on secondary peaks 1s possible with
non-null probability (acquisition ambiguity) and the lock on
a secondary peak cannot be resolved during the tracking step.

Solutions are known 1n the literature, most of which are
elfective 1n ambiguity mitigation for sine BOC modulated 65
signals, but less effective if applied to cosine BOC modulated
signals.

2

For example, a tracking discriminator of the traditional
Early Minus Late (EML) type being applied to a BOC(1,1)-
modulated pseudo-random noise code and with an interval
between the early replica and late replica (Early-Late inter-
val) lower than chip time T has a discriminator curve (curve
S) with three stable lock points, the desired one being at the
x-ax1s point 0 and two further points at +0.55T , respectively,
and the latter can introduce unacceptable pseudorange errors,
in the order of tens of meters.

In order to limit this problem, new acquisition and tracking
algorithms have been proposed 1n the art, which, however,
require more complex receivers.

Most of these algorithms tend to attenuate the secondary
peaks of the autocorrelation function by combiming, in the
definition of the above-mentioned test function, the correla-
tion function between the received signal and the local replica
of the BOC modulated signal, with the correlation functions
between the received signal and suitably selected auxiliary
signals or waveforms. One of these waveforms is the
unmodulated pseudo-random noise signal (PRN). The cross
correlation function of the unmodulated pseudo-random
noise signal with a BOC modulated signal has peaks proxi-
mate to the secondary peaks of the autocorrelation function of
the BOC modulated signal and a lower value for perfect
alignment.

One solution proposed in the literature for reducing the
ambiguity, provides for carrying out a cross correlation with
the relative locally generated unmodulated pseudo-random
noise code.

When the cross correlation function between the received
signal and the unmodulated pseudo-random noise code 1s
combined with the autocorrelation function of the BOC
modulated signal, the following test variable 1s defined

U=1xpoc#) [~ Xzocrprn(#) <

wherein x5 ,~(n) 1s the autocorrelation function of the BOC
modulated signal and X5, »pr{11) 1s the cross correlation
function between the BOC modulated signal and the pseudo-
random noise code.

As the BOC/PRN cross correlation function has peaks
proximate to the secondary peaks of the BOC autocorrelation
function and results to be of a nearly null value at the main
peak of the autocorrelation function, this test variable allows
for a good separation between the main peak and the second-
ary peaks, thus lowering the acquisition ambiguity and elimi-
nating the stable lock points of the Early-Minus-Late (EML)
discriminator approach that are arranged at T /2 distance
from the actual lock point.

Disadvantageously, this approach requires that the opera-
tions required for calculating the tracking discriminator func-
tions and for evaluating the BOC/PRN cross correlation func-
tion are doubled.

On the other hand, as relates to the code tracking step, the
traditional approaches for consumer products are based on
Early-Minus-Late algorithms or DOT algorithms.

However, 1t should be considered that Early-Minus-Late
approaches are not capable of recovering the 1deal stable lock
point from a secondary lock point.

An example of this situation 1s illustrated 1n FIG. 1, where
a curve S 1s depicted of a DOT discriminator for a sine
BOC(1,1) modulated code and Early-Late interval o1 0.4T ..
The correct lock point 1s the one 1 the middle, which 1s
indicated at 0 on the X-axis, whereas the false lock points are
the two lateral points, at —0.6T . and +0.6T . on the x-axis,
respectively.

Also 1n these cases, several solutions have been proposed

in the literature, such as the “Very Early-Very Late” or
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“Bump-Jumping” schemes. In this case, however, a second
pair of correlators 1s required to be used with an interval equal
to or greaterthan 0.5T _, and it 1s required to check whether the
indication lies on the correct peak or a secondary peak. The
discriminator can either directly incorporate the difference of
the correlator outputs or compare the correlation energy
according to the EML method with that obtained according to
the VEMVL method for deciding the correct tracking pitch to
be forwarded to the Numerical Control Oscillator for subse-
quent time-adjustment.

Another approach describes a tracking scheme 1n which
the product of the EML approach obtained using the autocor-
relation function of the BOC modulated signal 1s combined
with the product of the EML approach obtained using the
cross correlation function between the BOC modulated signal
and the pseudo-random noise signal, with a preset scaling
factor. The curve S obtainable according to the latter approach
does not have secondary stable points, but the operation range
thereod 1s not greater than 0.4T .

However, increasing the operative range 1s desired, as
major delays can be made up while the acquisition system 1s
simultaneously allowed to consider a research time grid with
a wider spacing (for example, instead of carrying out the test
with the distance between subsequent delays amounting to
T /4, a spacing of T /2 (or, at the most, T ) can be used, thus
reducing the calculations and time used for the signal acqui-
sition and the 1nitial (loose) estimate of the delay.

A Turther problem to be addressed i1s that the tracking
performance of a receiver 1n a satellite positioning system
results are severely degraded when the signal received 1s
alfected by a multiple path propagation. In this case, the
discriminator curve S 1n the code tracking changes its shape
while crossing the x-axis no longer at the origin, and thus
introducing a polarization 1n the pseudorange measurements,
thereby increasing the uncertainty in the position estimate.

Solutions have been introduced for ensuring a better rejec-
tion of multiple paths with GPS system si1gnal, but their effec-
tiveness still has to be proved for BOC modulated signals
used 1n the future GALILEO positioning/navigation system.

SUMMARY

According to an embodiment of the present ivention, a
method and system for the acquisition and tracking of BOC
modulated codes (both sine and cosine based) with reduced
acquisition ambiguity 1s provided which does not have false
lock stable points 1n the discriminator curve S, thereby allow-
ing a tracking operation range having T amplitude (1.e. in the
range [-T /2, +T /2]) and which improves the ability of mul-
tiple path rejection in code tracking.

According to a first embodiment of the present invention,
these a method for the acquisition and tracking of BOC(n,n)
modulated codes, particularly for satellite positioning/navi-
gation systems includes the steps of:

acquiring at a receirver terminal a BOC(n,n) modulated

pseudo-random noise code, from a remote transmitter;
generating a local replica of said pseudo-random noise
code at the receiver terminal; and

calculating a correlation tunction of the BOC(n,n) modu-

lated code recerved with a code w, locally generated
according to the relationship

Wa(T):C(TH)—ﬂ .[pm(TH+Tc/2)_pm(Tn_Tc/2)]

wherein c(t) 1s a local replica of said BOC modulated
pseudo-random noise code with delay t,, prn(t) 1s areplica of
said unmodulated pseudo-random noise code, and a 1s a pre-
determined weight coelficient,
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said correlation function being at the base of an acquisition
test function, whereby a code acquisition 1s recognmized for a
value of said test function being higher than a predetermined

threshold.

According to another embodiment of the present invention
a system for acquisition and tracking BOC(n,n) modulated
codes, includes:

means for acquiring a BOC(n,n) modulated pseudo-ran-

dom noise code from a remote transmaitter;
means for generating a replica locale of said pseudo-ran-

dom noise code, and
processing means arranged for calculating an acquisition

test function based on the BOC(n,n) modulated code recerved
and a local replica relative to said signal,

wherein said processing means are arranged for calculating
a correlation function of the BOC(n,n) modulated pseudo-
random noise code recerved with a w _ code locally generated
according to the relationship

w_ (T)=c(t, )-afpru(x +1 /2)-prm(t, -1 /2)]

wherein c(t) 1s a local replica of said BOC modulated
pseudo-random noise code with delay T, , prn(t) 1s areplica of
said unmodulated pseudo-random noise code, and a 1s a pre-
determined weight coelficient.

According to a second embodiment of the present imnven-
tion, a method for the acquisition and tracking of BOC(m.,n)
modulated codes, m/n equal to an integer, particularly for
satellite positioning/navigation systems, includes the steps
of:

acquiring at a recerver terminal a BOC(m.,n) modulated

pseudo-random noise code, from a remote transmitter;
generating a local replica of said pseudo-random noise
code at the receiver terminal; and

calculating a correlation function of the BOC(m,n) modu-

lated code received with a code w_, locally generated
according to the relationship

w (T)=c(t,)-a-[prn(t, +nl /2m)-pru(t,—nl_/2m)]

wherein c(t) 1s a local replica of said BOC modulated
pseudo-random noise code with delay t, , prn(t) 1s areplica of
said unmodulated pseudo-random noise code, and a 1s a pre-
determined weight coelficient,

said correlation function being at the base of an acquisition
test function, whereby a code acquisition 1s recognized for a
value of said test function being higher than a predetermined
threshold,

and by a system implementing the method.

According to a third embodiment of the present invention,
amethod for the acquisition and tracking of BOC(m,n) modu-
lated codes, m/n equal to an integer, particularly for satellite
positioning/navigation systems, includes the steps of:

acquiring at a recerver terminal a BOC(m,n) modulated

pseudo-random noise code, from a remote transmitter;
generating a local replica of said pseudo-random noise
code at the receiver terminal; and

calculating a correlation function of the BOC(m,n) modu-

lated code received with a code w, locally generated
according to the relationship

w_(t)=c(t, )—a-fprn(t, +nl /dm)+pru(v —ni /4m)]

wherein c(t) 1s a local replica of said BOC modulated
pseudo-random noise code with delay T, , prn(t) 1s areplica of
said unmodulated pseudo-random noise code, and a 1s a pre-
determined weight coelficient,

said correlation function being at the base of an acquisition
test function, whereby a code acquisition 1s recognized for a
value of said test function being higher than a predetermined

threshold,
and by a system implementing the method.
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According to a fourth embodiment of the present invention,
a method for the acquisition and tracking of BOC(m,n) modu-
lated codes, m/n equal to an iteger, particularly for satellite
positioning/navigation systems, includes the steps of:
acquiring at a receiwver terminal a BOC(m,n) modulated
pseudo-random noise code, from a remote transmitter;
generating a local replica of said pseudo-random noise
code at the recerver terminal; and
calculating a correlation function of the BOC(m,n) modu-
lated code received with a code w, locally generated
according to the relationship

w_(t)=c(t, )—a-fprn(v, +3nI /4m)+pru(t,—3nl_/d4m)]

wherein c(t) 1s a local replica of said BOC modulated
pseudo-random noise code with delay T, , prn(t) 1s areplica of
said unmodulated pseudo-random noise code, and a 1s a pre-
determined weight coellicient,

said correlation function being at the base of an acquisition
test function, whereby a code acquisition 1s recognized for a
value of said test function being higher than a predetermined
threshold,

and by a system implementing the method.

According to a fifth embodiment of the present invention,
amethod for the acquisition and tracking of BOC(m,n) modu-
lated codes, m/n equal to an iteger, particularly for satellite
positioning/navigation systems, includes the steps of:

acquiring at a receiver terminal a BOC(m,n) modulated

pseudo-random noise code, from a remote transmitter;
generating a local replica of said pseudo-random noise
code at the receiver terminal; and

calculating a correlation function of the BOC(m,n) modu-

lated code received with a code w locally generated
according to the relationship

w(t)=[pru(t, +nl_/dm)+pru(v,—nl_/4dm)

wherein prn(t) 1s a replica of said unmodulated pseudo-
random noise code,

said correlation function being at the base of an acquisition
test function, whereby a code acquisition 1s recognized for a
value of said test function being higher than a predetermined
threshold,

and by a system implementing the method.

According to a sixth embodiment of the present invention,
these a method for the acquisition and tracking of BOC(m,n)
modulated codes, m/n equal to an integer, particularly for
satellite positioning/navigation systems, includes the steps
of:

acquiring at a receiver terminal a BOC(m,n) modulated

pseudo-random noise code, from a remote transmitter;
generating a local replica of said pseudo-random noise
code at the receiver terminal; and

calculating a correlation function of the BOC(m,n) modu-

lated code received with a code w locally generated
according to the relationship

w(t)=[pru(t +nl /2m)-pru(t, —ni /2m)]

wherein prn(t) 1s a replica of said unmodulated pseudo-
random noise code,

said correlation function being at the base of an acquisition
test function, whereby a code acquisition 1s recognized for a
value of said test function being higher than a predetermined
threshold,

and by a system implementing the method.

Embodiments of the invention may be contained in a
receiver of a satellite positioning/navigation system for the
acquisition and tracking of codes in such a system.
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0
BRIEF DESCRIPTION OF THE DRAWINGS

Further characteristics and advantages of the invention will
be better discussed 1n the description below, which 1s given by
way of non-limiting example, with reference to the annexed
drawings, 1n which:

FIG. 11s adiagram representing a discriminator curve S for
a prior art acquisition and tracking system;

FIG. 2 1s a block diagram of a first embodiment of an
acquisition stage of a system according to an embodiment of
the invention;

FIG. 3 1s a block diagram of a second embodiment of an
acquisition stage of a system according to an embodiment of
the invention;

FIG. 4 1s a block diagram of a third embodiment of an
acquisition stage of a system according to an embodiment of
the invention;

FIG. 5 1s a diagram representing normalized test correla-
tion functions according to the prior art and according to an
embodiment of the invention, respectively;

FIG. 6 1s a diagram representing the detection probabilities
of the main peak for different correlation functions;

FIG. 7 1s a diagram representing the detection probabilities
of a secondary peak for different correlation functions;

FIG. 8 1s a diagram representing tracking discriminator
curves S obtainable for different variants of a method accord-
ing to an embodiment of the invention;

FIG. 9 1s a diagram representing discriminator curves S
according to a method according to an embodiment of the
invention for different tracking methods, 1n a first operative
condition;

FIG. 10 1s a diagram representing discriminator curves S
according to a method according to an embodiment of the
invention for different tracking methods, 1n a second opera-
tive condition;

FIG. 11 1s a diagram representing the comparison of track-
ing error envelopes between discriminator functions accord-
ing to the prior art and to an embodiment of the 1nvention,
respectively;

FIG. 12 1s a diagram representing the comparison of code
shift estimates 1n a tracking loop, according to the prior art
and to an embodiment of the mnvention, respectively;

FIG. 13 1s a block diagram of a first alternative embodiment

of an acquisition or tracking stage of a system according to an
embodiment of the invention;

FIG. 14 1s a block diagram of a second alternative embodi-
ment ol an acquisition or tracking stage of a system according
to an embodiment of the invention;

FIG. 15 1s a diagram representing normalized test correla-
tion functions according to the prior art and according to an
embodiment of the invention, respectively, for a sine BOC(6,
1) modulated signal;

FIGS. 16 and 17 are diagrams representing tracking dis-
criminator curves S obtainable for different variants of a
method according to an embodiment of the ivention;

FIG. 18 1s a diagram representing normalized test correla-
tion functions according to the prior art and according to an
embodiment of the mnvention, respectively, for a cosine BOC
(1,1) modulated signal;

FIG. 19 1s a diagram representing tracking discriminator
curves S obtainable for different variants of a method accord-
ing to an embodiment of the invention;

FIGS. 20 to 23 are diagrams representing discriminator
curves S according to a method according to an embodiment
of the mvention for different tracking methods;
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FIG. 24 1s a diagram representing normalized test correla-
tion functions according to the prior art and according to an
embodiment of the mvention, respectively, for a cosine BOC
(12,2.5) modulated signal;

FIG. 25 1s a diagram representing normalized test correla-
tion functions according to the prior art and according to an
embodiment of the mvention, respectively, for a cosine BOC
(2,1) modulated signal;

FIG. 26 1s a diagram representing discriminator curves S
according to a method according to an embodiment of the
invention for different tracking methods.

FIGS. 27 and 28 are diagrams representing discriminator
curves S according to a method according to an embodiment
of the mvention for different tracking methods;

FI1G. 29 1s a diagram representing the comparison of track-
ing error envelopes between discriminator functions accord-
ing to the prior art and to an embodiment of the ivention,
respectively; and

FIGS. 30 and 31 are diagrams representing discriminator
curves S according to a method according to an embodiment
of the mvention for different tracking methods.

DETAILED DESCRIPTION

The following discussion 1s presented to enable a person
skilled in the art to make and use the ivention. Various
modifications to the embodiments will be readily apparent to
those skilled 1n the art, and the generic principles herein may
be applied to other embodiments and applications without
departing from the spirit and scope of the present invention.
Thus, the present invention 1s not intended to be limited to the
embodiments shown, but 1s to be accorded the widest scope
consistent with the principles and features disclosed herein.

Embodiments of the invention will be first described herein
below by considering the acquisition of the BOC(1,1) modu-
lated pilot channel (pseudo-random noise code C) of the
GALILEO L1 signal, which 1s used for free positioning and
navigation services. The GALILEO L1 signal consists of
three components, which are multiplexed by applying a
Coherent Adaptive Sub-Carrier Modulation (CASM). How-
ever, the application of embodiments the present invention
should not be considered as being limited to positioning and
navigation systems (among which there 1s also the upgrade of
the known GPS system), but can be applied to any other radio
communication system using BOC(m,n) modulated codes.

Embodiments of the invention are based on an approach of
resolving the acquisition ambiguity using cross correlation
functions, and to the purpose 1t defines novel families of
wavelorms to be adopted in the calculation of cross correla-
tion functions with a BOC modulated signal received from a
satellite, and a novel acquisition test function for obtaining a
resolution of the acquisition ambiguity and problem of false
lock of the tracking point, without increasing either the num-
ber of correlators or the calculations by a recetver device in a
positioning terminal.

According to a first embodiment of the invention regarding
BOC(n,n) modulated signals, a family of signals (codes) 1s
locally generated at the recerver, which 1s to be used both

during the acquisition step and 1n a traditional EML tracking
discriminator function, which has a waveform as follows:

w(T)=c(v,)-a[prn(t, +1/2)-pru(t,—1/2)]

wherein ¢(t) 1s the BOC modulated pseudo-random noise
code with delay T, , prn(T) 1s the unmodulated pseudo-random
noise code, and a 1s a predeterminable weight coetlicient.
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This signal family 1s used 1n calculating an acquisition test
function for correlation with the BOC modulated signal
received, of the formula:

Xpoc)-a Xpocprv(D+] ) —Xgocpry(i—1)) 2

the notation x(n-1), x(n+1) designating the correlation
between the BOC modulated signal received and the local
unmodulated early, respectively late, replica.

The correlation technique using the above waveform fam-
1ly can be referred to as a “filtered” correlation technique by
analogy with the output of a three-point FIR filter (for
example, when a=0.5 1s selected, the “connection points™ of
the filter will be =14, 1, +%4).

According to a second embodiment of the invention espe-
cially regarding sine BOC(m,n) modulated signals, with m/n
ratio equal to an integer, a tamily of signals (codes) 1s locally
generated at the receiver, which 1s to be used both during the
acquisition step and 1n a traditional EML tracking discrimi-
nator function, which has a waveform as follows:

w(t)=c(t,)—-a- [pru(v, +nl_ 2m)+pru(t,—-nl./2m)]

wherein ¢(t) 1s the BOC modulated pseudo-random noise
code with delay T, , pr(T) 1s the unmodulated pseudo-random
noise code, and a 1s a predeterminable weight coetlicient.

According to a third embodiment of the mvention espe-
cially regarding cosine BOC(m,n) modulated signals, with
m/n ratio equal to an integer, a family of signals (codes) 1s
locally generated at the receiver, which is to be used particu-
larly during the acquisition step, which has a waveform as
follows:

w(t)=c(t,)-a [pru(t +nl_/Am)+pru(v, —nl_/dm)]

wherein ¢(t) 1s the BOC modulated pseudo-random noise
code with delay T, , prn(T) 1s the unmodulated pseudo-random
noise code, and a 1s a predeterminable weight coellicient.

According to a fourth embodiment of the invention espe-
cially regarding cosine BOC(n,n) modulated signals, a family
of signals (codes) 1s locally generated at the recerver, which 1s
to be used particularly 1n a traditional DOT tracking stage,
which has a wavetorm as follows:

w(t)=c(t,)—a [pru(t, +3nl_/dm)+pru(t,—3nl_/dm)]

wherein ¢(t) 1s the BOC modulated pseudo-random noise
code with delay T, , prn(t) 1s the unmodulated pseudo-random
noise code, and a 1s a predeterminable weight coelficient.

According to a fifth embodiment of the invention espe-
cially regarding cosine BOC(n,n) modulated signals, a family
of signals (codes) 1s locally generated at the recerver, which 1s
to be used particularly 1 a code tracking scheme, which has
a wavelorm as follows:

w(t)=[pru(t, +nl_/dm)+pru(v,—nl_/4m)]

wherein prn(t) 1s the unmodulated pseudo-random noise
code.

According to a sixth embodiment of the mvention espe-
cially regarding sine BOC(m,n) modulated signals, with m/n
ratio equal to an mteger, a family of signals (codes) 1s locally
generated at the recerver, which 1s to be used particularly 1n a
tracking stage, which has a wavetform as follows:

w(t)=[pru(t, +nl /2m)+pru(t,—nI_/2m)]

wherein prn(t) 1s the unmodulated pseudo-random noise
code.

These signal families are used 1n calculating an acquisition
test function for correlation with the BOC modulated signal
received. The correlation techmique using the above wave-
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form families can still be referred to as a “filtered” correlation
technique by analogy with the output of a three-point FIR
filter.

While most of the prior art solutions tries to decrease the
secondary peaks, the mnventive approach 1s aimed to enhance
the separation between the main peak and the secondary ones.

The generation of the above wavelforms can be easily
attributed to a hardware system that can be integrated 1n an
acquisition and/or tracking module of a recerver. This advan-
tageously allows using the same correlator structure adopted
for GPS signals thus simplifying the project of a possible
“dual-mode” recerver (GPS-GALILEQ).

In FIG. 2 a block diagram of the acquisition stage of a BOC
modulated signal in a receiver 1s illustrated according to the
principles of embodiments of the present invention.

With 10 1s designated a BOC modulated pseudo-random
noise signal (code) generator (the parameters n of the BOC
modulation being determined in advance) and with 12 an
unmodulated pseudo-random noise signal (code) generator.
The generators 10 and 12 are arranged to generate a BOC
modulated pseudo-random noise local code and the same
unmodulated pseudo-random noise code, designated with
BOC and PRN, respectively, which are provided to a combi-
natory module 14 suitable to carry out the combination of said
codes with a predetermined weight 1n order to obtain a local
code w_ of the wavelorm family discussed above.

The local code w_ 1s then provided to a correlator or
adapted filter 20 suitable to receive the BOC modulated sig-
nal, designated with con BOC_ - at a second input thereof.

The correlator 20 1s suitable for calculating the cross cor-
relation between the BOC. - and w_ signals received at the
inputs thereof, and for sending the result to a subsequent
processing module 22 of the acquisition stage, which operates
according to known techniques.

In FIG. 3 a variant of the embodiment in FIG. 2 1s shown,
in which an individual pseudo-random noise code generator
110 1s locally used, rather than the generators of BOC modu-
lated code and unmodulated code. A processing unit 114 1s
arranged for internally calculating the BOC modulated code
from the pseudo-random noise code available from the gen-
erator 110 according to a predetermined law (for example,
using well-known “pulse-shaping” techniques according to
the Manchester coding for BOC(1,1) modulation, and gener-
ating a predetermined waveform w_, as a function of a prede-
termined weight parameter.

On the other hand, the block diagram 1n FIG. 4 illustrates a
third embodiment of the system in which the correlator 20
receives a wavelorm w_ directly to the local signal input
thereol, which wavetform has been previously synthesized
and stored 1n a local memory module 200 of waveforms.

Referring now to the first embodiment of the mnvention, a
diagram 1s illustrated 1n FIG. 5, which represents the corre-
lation energy normalized test functions, according to the prior
art and embodiments of the invention, respectively, compared
with each other, centered on the main peak. With ACF 1s
designated the autocorrelation function between the BOC
modulated signal received and the local replica thereot, with
U 1s designated the test variable proposed i U.S. Patent
Application Publication No. 2005/0270997, which 1s 1ncor-
porated herein by reference, and with w, . and w, are desig-
nated the correlation functions between the BOC modulated
pseudo-random noise code and the waveform w_(t) for two
weilght values, a=0.5 and a=1, respectively. The curves on the
diagram are drawn as a function of the delay expressed in T _
in the range [-2T _, +2T _]. The result of the correlations 1s
normalized at the highest value of the autocorrelation of the

BOC modulated signal, designated with ACF.
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It may be appreciated that the evident secondary peaks 1n
the autocorrelation function ACF result to be very reduced in
the case of cross correlation with the functions w, - and w,.

In the acquisition procedure, the wavetorms w_(t) show
the best performance 1n w, - with weight a=0.5 1n consider-
ation of the better shape of the correlation function than that
obtainable with the embodiment w, and weight a=1. In any
case, the probability of lock on a secondary peak 1s reduced
during the acquisition step. The embodiment w,, on the other
hand, exhibits the better performance during the tracking
step, as 1t eliminates the stable lock points 1n the EML
approach, which are spaced away from each other by T /2
distances, thus also allowing for the signal shiit to be recov-
ered to amaximum value ot T /2 when the Early-Late interval
in the tracking discriminator 1s setto T /2, as well as 1in terms
ol rejection of the multiple path interference.

In FIG. 6, it may be appreciated how the local code (w, < 1n
this case) during the acquisition step allows obtaining a per-
formance similar to standard signals (ACF, U) with reference
to the probability of detecting the main peak for a strategy of
threshold acquisition as a function of the carrier signal-to-
noise ratio C/N,. In FIG. 7, it may be noted that the waveform
W, 5 results to be effective 1n reducing the probability of
acquisition of a secondary peak as a function of the carrier
signal-to-noise ratio C/N,, still by comparison with the
results obtainable via the known techniques discussed above.

As relates to the tracking step, in the traditional EML
approach, the wavetorms w _ are used both 1n the local early
replica (w_(t+0T)) and 1n the local late replica (w_(t—0T))
of the code, with a predetermined early-late interval, 26 1n this
case, with 0<<1.

Accordingly, the architectures shown in FIGS. 2-4 and
described with reference to the acquisition stages can be also
applied in the tracking stages, provided that they are intended
for generating and processing both early and late replicas of
the code.

In FIG. 8, the discriminator curve S 1s reported 1n tracking
with an Early-Late interval of 0.17T , as a function of the delay
in T _, for different wavetorms w, ., w, and w,, which corre-
spond to weight parameters a=0.5, a=1 and a=2, respectively.
The first combination value (the wavetorm w, - with a=0.5)
exhibits a curve S with possible ambiguities, even though
with a low discriminator value, falling outside the interval
[-0.35T _, 0.35T ]. The second waveform w, (a=1) does not
exhibit any ambiguity for the secondary peaks and the wave-
form w, (a=2) ensures the absence of stable false locks falling
outside the interval [-0.4T , +0.4T ].

In any case, the discriminator function has a polarization
due to the multiple access interference from other channels,
for example from the other channels of the signal L1 1n a
GALILEO positioning system. This polarization can be
reduced by increasing the weight of the contribution of the
cross correlation. For example, by simulations it has been
determined that when a weight a=0.5 1s selected, a 7 cm
polarization 1s obtained, whereas for a weight a=1, the polar-
ization 1s lower than 2 cm.

The operative range can be increased by recovering each
signal shift being within the interval [-T /2, +T /2] consid-
ering an Early-Late interval of T /2. In this case, for a wave-
form w, (a=2) no stable point 1s evidenced to fall outside the
interval [-T /2, +T /2]. This 1s shown in FIG. 9, which shows
a comparison between the normalized curved S obtained 1n
the above-mentioned conditions, a curve designated with
EML and relative to an EML approach normalized to the sum
of the correlation energies with the early and late replicas of
the local code, a curve designated with DOT and relative to a
DOT approach, and a curve designated with EMLP and rela-
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tive to an EML approach normalized to the correlation energy
with the synchronized replica or prompt. Two possible ambi-
guity points are indicated at 0.9T , but in this case the prob-
ability 1s very low that the estimate of delay of the initial code
from the acquisition step (usually, under normal operative
conditions, the maximum error in the estimate of the delay of
the signal from the acquisition i1s T /2), or the evolution of the
tracking device may bring the estimate of the delay to these
ambiguity points.

In FIG. 10, similar curves S are reported for the wavelform
w, (a=1). In this case, the maximum operative range can be
ensured by a traditional EML approach. As in the previous
case, possible ambiguity points are at 0.7T _, but the above-
discussed conditions will apply.

The waveforms are also eflective 1n the rejection of the
multiple path interference.

FIG. 11 shows a comparison between the error envelopes
in an EML discriminator function in the cases where a tradi-

tional autocorrelation function of BOC modulated signals
(BOC curve) 1s used, of a BPSK modulated signal (BPSK

curve) and 1n the case of correlation functions based on the
wavelforms w,, . and w, 1n any case with an Early-Late 1nter-

val o1 0.1T .

It may be appreciated in the figure that for both wavelorms
W, s and w, the error envelope can be compared to the tradi-
tional one for a delay of the second path lower than 0.55T _,
whereas for delays ranging between 0.55T_ and T . the error
envelope using the waveforms 1s lower than the traditional
case, the minimum being obtained with the waveform w,. On
the other hand, for a delay of the second path greater than T _,
the waveforms have an error envelope greater than the tradi-
tional one (w,, o) or of the same order of magnitude (w,).

This characteristic can allow for an improved pseudorange

estimate, and 1n the final analysis, an improved estimate of the
position of a recerver 1 environments with multiple path
interference, such as urban areas or the interiors of buildings.

In FI1G. 12 a comparison chart 1s 1llustrated of the develop-
ment of the code delay estimate considering two implemen-
tations of EML discriminator with early-late spacing of T /2
and sampling of 16*1.023 MHz (1.e. 16 samples per chip),
signal recerved delayed relative to the local replica of T /2
(1.e. 8 samples for these simulation values), ratio of carrier-
noise signal C/N,, o1 40 dB Hz, absence of Doppler error. The
BOC modulated local code (the two upper curves) 1s consid-
ered as well as the use of the wavelorm w, with weight a=2
(the two lower curves). In the figure, 1t may be seen how the
estimates for the two embodiments with BOC modulated

local code remain actually locked on the false lock point,
while the two embodiments with the waveform w, proposed
herein are capable of estimating the delay of the recerved code
in a correct manner, and thus making up for 1t.

An alternative embodiment can be provided for the acqui-

sition and tracking system, 1n which the BOC modulated
signal received from the satellite 1s separately correlated with
the three components (c(t, ), PRN(t _+T /2), PRN(t -T /2)),
of the wavetorm w_(t) and subsequently, the three correlation
outputs are combined by applying the coellicients and the
generation formula of the total waveform w_(T).

This would have the disadvantage of increasing the number
of correlators 1n the architecture of the stages of signal acqui-
sition and tracking, as shown 1n FIGS. 13 and 14.

In FIG. 13, a block diagram 1s depicted of a first acquisition
or tracking stage ol a BOC modulated signal 1n a recerver, 1n
which a BOC modulated pseudo-random noise signal (code)
generator 1s indicated with 10, and an unmodulated pseudo-
random noise signal (code) generator 1s designated with 12.
The generators 10 and 12 are arranged for generating a BOC
modulated pseudo-random noise local code and the same
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unmodulated pseudo-random noise code, designated with
BOC and PRN, respectively, and providing these codes to a
plurality of correlators that are generally designated with 20",
suitable for calculating the cross correlation between said
duly offset codes (as required by the expression of the wave-
form w_(t)) and a BOC. , - signal received from a satellite at

a further input.

The results of the correlations X5, Xzoc/pra are thus
provided to a downstream combinator module 14', suitable
for carrying out the combination of the above-mentioned
correlation results in compliance with the expression of the
wavelorm w_(t) of the wavelform family according to
embodiments of the mvention.

The result 1s then provided to subsequent processing mod-
ules (not illustrated) of the acquisition stage.

In FIG. 14, a variant embodiment of FIG. 13 1s shown, 1n
which a generator module 10' of a BOC modulated pseudo-
random noise signal (code) 1s provided, which 1s suitable to
receive at an input thereof the pseudo-random noise code
PRN available from the generator 12 and to internally calcu-
late the BOC modulated code similarly to what 1s actuated by
the processing unit 114 1n FIG. 3.

Similar architectures are used 1n the detail of the tracking
stages, where 1t should be understood, however, that the BOC
modulated code generator outputs a pair of signals, in the
carly and late versions thereot, respectively, and the unmodu-
lated pseudo-random noise generator outputs four replicas of
the code, early and late replicas, respectively, for each of the

two components of the waveform w .

The drawback of the increase 1n the number of correlators
can be mitigated by applying a 1 bit quantization to the signal
received, because a simple correlator structure 1s thus
required, which 1s suitable for treating only sign bit inputs. On
the contrary, the application of the total wavetform w(t) input
to a correlator would however impose the use of a correlator
suitable for managing multi-bit inputs, 1.€. being more com-
plex and expensive than correlators with only sign bit inputs.

Referring now to the second embodiment of the invention,

in this section we focus the attention on the sine BOC(6,1)
signals, but all the considerations are applicable to any sine
BOC(m,n) signal with m=n and m/n equal to an 1nteger.

The correlation output between the sine BOC(6,1) modu-
lated pseudo-random noise code and the waveform w_(t) for
the weight value a=10 1s shown 1n FIG. 15, where with ACF
1s designated the standard autocorrelation function and with
W, 1s designated the correlation function according to an
embodiment of the invention. We can see the secondary peaks
separation improvement reducing the probability of lockon a
secondary peak during the acquisition stage even 1f we have
introduced two peaks symmetrically placed T _ apart the main
peak.

Regarding the tracking stage, we can see from FIGS. 16
and 17 the performances according to the proposed signal
processing. FIG. 16 represents EML tracking discriminator
S-curves comparisons between the standard STD approach
and the filtered one, with weight value a=10 and early-late
spacing equal to T /6. FIG. 17 represents EML tracking dis-
criminator S-curves comparisons between the standard STD
approach and the filtered one, with weight values a=1 and a=2
and early-late spacing equal to T /2.

Referring now to the third embodiment of the invention, for
cosine BOC(n,n) signals the same considerations as regards
the first embodiment holds for acquisition and tracking.

On the code tracking we have also to note that for cosine
BOC greater combing value has to be used 1in order to obtain
the desired ambiguity reduction leading to more noisy track-

ing loops w.r.t. the sine BOC case when noisy recerved signals
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are considered. In FIG. 18 representing the correlation output
between the cosine BOC(1,1) modulated pseudo-random
noise code and the wavetorm w_(t) for the weight value a=1
and a=3, where with ACF 1s designated the standard autocor-
relation function and with w, and w; are designated the cor-
relation functions according to embodiments of the mnvention,
we can see the secondary peaks separation improvement
reducing the probability of lock on a secondary peak during,
the acquisition stage. Note also that in this case the correlation
with the filtered introduced two peaks symmetrically placed
T apart the main peak, their maximum value depending upon
the combining weight.

Regarding the code tracking ambiguity reduction in FIG.
19, representing EML tracking discriminator S-curves com-
parisons between the standard STD approach and the filtered
one, with weight values a=3, a=5, a=10, we can see as apply-
ing the third embodiments of the mvention with a proper
combining weight we can eliminate the two possible ambi-
guity points around half chip time, symmetrically placed
w.r.t. the zero lag position, for early-late spacing of T /2 and
16 samples per chip. Moreover, properly choosing the com-
bining weight and the early-late spacing we can recovery
unambiguously delays up to 0.45T .

Wavetorms according to the third embodiment of the
invention may present problems with lower early-late spacing
and higher sampling frequency. In this case better pertor-
mances can be obtained applying wavetorms according to the
fourth embodiment of the invention in the early and late
branches of the DOT tracking scheme and the local BOC
modulated code in the prompt branch as i FIG. 20, with
carly-late spacing equal to T /16. In this figure we can see as
the proposed solution w, and w, . (with a=1 and a=1.5) or
greater can overcome the secondary lock points ambiguity
with the drawback of a reduction of the discriminator oper-
ating range, e.g. we can recover shifts up to 0.25T  while the
standard DOT approach STD canrecoverup to 0.45T . More-
over, with this sampling frequency and the same early-late
spacing (I /16) we can see as the standard EML tacking
scheme applied to cosine BOC presents four ambiguity lock
points, as i FIG. 21.

Drawback of the DOT code tracking with waveforms
according to the fourth embodiment of the invention 1n the
carly minus late branch 1s the reduced multipath rejection
capability.

Considering T /2 early-late spacing and waveform wi,
(with a=3) according to the fourth embodiment of the inven-
tion (and sampling frequency 32x), we have the S-curves in
FIG. 22, where we can see as for EML implementations the
two possible ambiguity points are located more or less 0.9T
apart (symmetrically) the zero-lag position and they can be
casily discarded checking the prompt energy. In this case we
are able to recover code delays 1n the range [-T /2, +T /2].
From the same figure we can see as the DOT-product
approach does not present ambiguity points, and can recover
delays in the range [-0.9T _, 0.9T ]

Considering FIG. 23, where we shows the same S-curves
for the same tracking discriminators when only cosine BOC
modulated local code 1s used at the receiver, we can easily see
as the proposed wavelorm enhances the operating range of all
three the discriminators, mitigating the ambiguity problems
at least shufting these points in positions with a really low
prompt energy enabling easy ambiguity recognizing.

Referring now to cosine BOC(m,n) signals, in this section
we focus our attention on the cosine BOC(13,2.5) proposed
for Galileo L1 PRS channel, but all the considerations are
applicable to any cosine BOC(m,n) signal with m=n and m/n
equal to an integer.
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The correlation output between the cosine BOC(15,2.5)
modulated pseudo-random noise code and the waveform
w_(T) for the weight value a=20 according to the third
embodiment of the invention 1s shown 1n FIG. 24, where with
ACF 1s designated the standard autocorrelation function and
with w, 1s designated the correlation function according to
the third embodiment of the invention. From FIG. 24 we can
se¢ the secondary peaks separation improvement reducing
the probability of lock on a secondary peak during the acqui-
sition stage for a BOC (15,2.5) when correlating with a local
code defined according to a third embodiment of the mnven-
tion for a proper combining weight choice. Moreover we can
see that a correlation shape 1s achieved with only three peaks,
the main one and two symmetrically spaced T apart ata price
ol lower maximum correlation peak.

In FIG. 25 we show the same consideration for a cosine
BOC(2,1) signal.

Applying a wavetorm according to a fifth embodiment of
the mvention on the early and late branches both of the EML
implementations and of the DOT product tracking scheme we
can reduce ambiguity maintaining fairly good multipath
rejection capability also for cosine BOC(m,n) modulated sig-
nals, as can be recognized from FIG. 26.

In this figure we show S-curves for a recerved cosine BOC
(6,1) modulated signal (note this signal 1s equivalent to cosine
BOC(15,2.5)), for early-late spacing T /12, sampling fre-
quency 24x1.023 MHz, local BOC modulated code on the
prompt branch and waveform according to the fifth embodi-
ment of the invention on early and late branches, EML and
DOT product implementations. Note as the possible ambigu-
ity points are in positions where a prompt energy check can
casily discard them.

Still referring to the fifth embodiment of the mvention, in
FIGS. 27 and 28 we show the S-curves for EML and DOT
product implementations with early-late spacing equal to half
T _and T _/16 respectively. In this case we can see as also this
wavelorm family can overcome the tracking ambiguity prob-
lem for the cosine BOC(n,n) again increasing the operating
range, with possible ambiguity points 1n positions where a
prompt energy check can easily recognize them. Moreover
this approach present the best performance w.r.t. multipath
rejection as can see from FIG. 29, where we show the multi-
path error envelope for EML on E+L tracking discriminator
considering a two path model (LOS plus retlection), with
secondary path power 6 dB below the LOS. In this figure we
can see as the proposed approach outperforms the standard
one for secondary path delays in the range [0.25T , 0.75T ];
it presents also an error envelope greater than the standard one
in the range [0.75T _, 1.25T ].

Note that this last waveform family can be applied to the
code tracking for the more general case of cosine BOC(m,n)
with m/n equal to an integer value as shown in the next
section.

Referring now to the sixth embodiment of the invention for
sine BOC(m,n) signals, in FIG. 30 we show the tracking
S-curves, both for two EML discriminator implementations
and for the DOT product discriminator (early-late spacing
T /16), obtained applying on the early and late branches a
wavelorm according to a sixth embodiment of the invention
as local code for a recerved sine BOC(1,1) modulated signal.

As can be seen, this approach can effectively mitigate the
ambiguity problem shifting the two possible false lock points
for EML implementations in a position (one chip apart the
right lock position) where it 1s easy to recognize them using
the prompt power (very low if evaluated in these points).
Moreover the EML implementations allow recovering unam-
biguously code shiits in the range [-0.5T . 0.5T ]| not feasible




US 7,949,038 B2

15

with standard approach using local BOC modulated codes,
meaning an ncreased operating range for the code tracking
w.r.t. the standard implementation. We can see also as the
DOT approach does not suffer from ambiguity problem in the
(increased) operating range, allowing the recovery of code
shifts up to x0.9T , again not possible in standard DOT-
product implementation with local BOC modulated codes.

In FIG. 31 we show the S-curves when waveform accord-
ing to the sixth embodiment of the mvention 1s applied as
local code 1n early and late branches of the tracking discrimi-
nators to a sine BOC(6,1) modulated recerved signal. Again
we can see as the two possible ambiguity points are T . apart
the right peak. These are positions where the ambiguity 1s
casily recognizable comparing the prompt energy with a
proper threshold, because in these positions this energy 1s
very low.

In conclusion, advantageously, the methods and systems
according to embodiments of the invention allow increasing
the ratio of the main peak to the secondary peak of a correla-
tion function during the step of acquisition of a BOC modu-
lated signal to about 9-10 dB, thus reducing the probability of
acquisition of secondary peaks.

The system can be implemented with the same number of
correlators and the same computational complexity as
required for processing GPS signals, thus allowing the pos-
sibility of providing so-called “dual-mode” recervers, with
soltware-aided selection of the operating mode.

The families of wavetorms w_ also allow avoiding the
generation of secondary stable lock points in the tracking
discriminator curve S for a wide range of Early-Late intervals
for BOC(n,n) modulated signals.

Particularly, with an Early-Late interval of T /2 the signal
shifts can be also recovered to a maximum of +T /2 for sine
BOC(n,n) and £0.45T _ for cosine BOC(n,n), which 1s also
impossible with the traditional EML or DOT embodiments.
This allows restraining the signal research space during the
acquisition step by adopting a maximum granularity (1.e.
spacing between two consecutive delays considered during
the acquisition step) of signal shiftof T /2, as in the case of the
GPS system, even though a granularity of T _ can also be used.
This avoids using a granulanty of T /4 for obtaining an
acceptable performance, as provided in the known tech-
niques. Therefore, the acquisition advantage 1s the possibility
of considering a lower number of delays spaced away from
cach other, thus reducing both the calculations and, with the
hardware being the same, the time spent during the acquisi-
tion step for declaring that a signal 1s/is not present and
evaluating the general delay of the latter.

By comparison, the disadvantage of the known techniques
1s the increase 1n the points (or delays) to be considered in the
search domain of the acquisition system, and this entails an
increase 1n the calculations (e.g. the correlations that must be
carried out for each delay in the search domain) and—the
hardware being the same—the increase in the acquisition
time (or, with dual considerations, 1n order to maintain this
time unchanged, the system operating frequency or the par-
allelism degree of the hardware require to be increased such
as to carry out more parallel correlations).

Embodiments of the system provide improved rejection of
multiple path 1nterference during the tracking, which allows
obtaining an improved precision in the pseudorange estimate,
and 1n the final analysis, an improved accuracy 1n the estimate
of the recerver position.

Naturally, the principles of embodiments of this invention
being understood, the embodiments and the details thereof
may be widely changed as compared with what has been
described and 1llustrated herein merely by way of non-limait-

10

15

20

25

30

35

40

45

50

55

60

65

16

ing example, without however departing from the scope of
protection of the present invention as defined 1n the annexed
claims.

From the foregoing 1t will be appreciated that, although
specific embodiments of the mvention have been described
herein for purposes of illustration, various modifications may
be made without deviating from the spirit and scope of the
invention.

The mvention claimed 1s:

1. A method for the acquisition and tracking of Binary
Offset Carrier (BOC) (n,n) modulated codes, particularly for
satellite positioning/navigation systems, comprising the steps
of:

acquiring at a recerver terminal a Binary Offset Carrier

(BOC)(n,n) modulated pseudo-random noise code,
from a remote transmuitter;

generating a local replica of said pseudo-random noise

code at the recerver terminal; and

calculating a correlation function of the Binary Offset Car-

rier (BOC)(n,n) modulated coderecerved with acodew
locally generated according to the relationship

w_(t)=c(t, )-afpru(x +1 /2)-pm(t, -1 /2)]

wherein c(t) 1s a local replica of said Binary Offset Carrier
(BOC) modulated pseudo-random noise code with
delay T, PRN(t) 1s a replica of said unmodulated
pseudo-random noise code, and a 1s a predetermined
non-zero weight coetlicient,

said correlation function being at the base of an acquisition

test Tunction, whereby a code acquisition 1s recognized
for a value of said test function being higher than a
predetermined threshold.

2. The method according to claim 1, wherein said correla-
tion function 1s calculated by combining the separate corre-
lation functions of the Binary Ofiset Carrier (BOC)(n,n)
modulated code recerved with the components of code w .

3. The method according to claim 1, wherein said test
function has the formula

Xpoc)-a Xpocprv(+] ) —Xpocpry(i—1)) N

wherein xBOC 1s the autocorrelation function of the
Binary Offset Carrier (BOC) modulated pseudo-random
noise code acquired and xBOC/PRN 1s the cross corre-
lation function between said Binary Offset Carrier
(BOC) modulated pseudo-random noise code acquired
and the early and late replica of the unmodulated
pseudo-random noise code, respectively.

4. The method according to claim 1, wherein said test
function 1s calculated in a research domain for a plurality of
preset code delay values and Doppler shiit.

5. A system for acquisition and tracking Binary Offset
Carrier (BOC)(n,n) modulated codes, comprising:

means for acquiring a Binary Offset Carrier (BOC)(n,n)

modulated pseudo-random noise code from a remote
transmitter;

means for generating a replica locale of said pseudo-ran-

dom noise code, and

processing means arranged for calculating an acquisition

test function based on the Binary Offset Carrier (BOC)
(n,n) modulated code received and a local replica rela-
tive to said signal,

wherein said processing means are arranged for calculating

a correlation function of the Binary Offset Carrier
(BOC)(n,n) modulated pseudo-random noise code
received with a w_, code locally generated according to
the relationship

WH(I)ZC(TH)_H ./pm(rn_Tc/z)_pm(TH_Tc/z)]
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wherein c(t) 1s a local replica of said Binary Offset
Carrier (BOC) modulated pseudo-random noise code
with delay T , PRN(T)1s areplica of said unmodulated
pseudo-random noise code, and a 1s a predetermined
non-zero weight coellicient.

6. The system according to claim 5, wherein said process-
ing means are arranged for calculating a plurality of separate
correlation functions of the Binary Offset Carrier (BOC)(n,n)
modulated code recetved with the components of the code w_
and for subsequently combining the correlation results 1n
compliance with the expression of w .

7. The system according to claim 5, wherein said process-
ing means are arranged for calculating an acquisition test
function 1n the formula

Xpoc)-a-(XpocprvD+] ) —Xgocpry(i—1)) 2

wherein X 5~ 15 the autocorrelation function of the Binary
Offset Carrier (BOC) modulated pseudo-random noise
code acquired and Xz, rna 15 the cross correlation
function between said acquired Binary Offset Carrier
(BOC) modulated pseudo-random noise code and the
carly and late local replica of the unmodulated pseudo-
random noise code, respectively, and suitable to recog-
nize a code acquisition for a value of said test function
being higher than a predetermined threshold.

8. The system according to claim 7, wherein said test
function 1s calculated 1n a research domain for a plurality of
preset code delay and Doppler shiit values.

9. A recerver of a satellite positioning/navigation system,
comprising a system for the acquisition and tracking of codes
as defined in claim 3.

10. A method for the acquisition and tracking of BOC(m,n)
modulated codes, m/n equal to an integer, particularly for
satellite positioning/navigation systems, comprising the steps
of:

acquiring at a recewver terminal a Binary Offset Carrier

(BOC)(m,n) modulated pseudo-random noise code,
from a remote transmaitter;

generating a local replica of said pseudo-random noise

code at the receiver terminal; and

calculating a correlation function of the Bmary Offset Car-

rier (BOC)(m,n) modulated code receirved with a code
w_ locally generated according to the relationship

w (T)=c(t )-a-[pra(t+nl /2m)-pra(t —nl /2m)]

wherein ¢(t) 1s a local replica of said Binary Offset Carrier
(BOC) modulated pseudo-random noise code with
delay T, PRN(t) 1s a replica of said unmodulated
pseudo-random noise code, and a 1s a predetermined
non-zero weight coetlicient,

said correlation function being at the base of an acquisition
test function, whereby a code acquisition 1s recognized
for a value of said test function being higher than a
predetermined threshold.

11. A system for acquisition and tracking Binary Offset

Carrier (BOC)(m,n) modulated codes, comprising:

means for acquiring a Binary Ofiset Carrier (BOC)(m,n)
modulated pseudo-random noise code from a remote
transmitter:

means for generating a replica locale of said pseudo-ran-
dom noise code, and

processing means arranged for calculating an acquisition
test Tunction based on the Binary Offset Carrier (BOC)
(m,n) modulated code recerved and a local replica rela-
tive to said signal,

wherein said processing means are arranged for calculating
a correlation function of the Binary Offset Carrier
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(BOC)(m,n) modulated pseudo-random noise code
recerved with a w_ code locally generated according to

the relationship

w_(t)=c(t, )—a-fprn(t, +nl /2m)-pru(v —ni /2m)]

wherein ¢(t) 1s a local replica of said Binary Offset Carrier
(BOC) modulated pseudo-random noise code with
delay t,, PRN(t) 1s a replica of said unmodulated
pseudo-random noise code, and a 1s a predetermined
non-zero weight coetlicient.

12. A receiver of a satellite positioning/navigation system,
comprising a system for the acquisition and tracking of codes
as defined 1n claim 11.

13. A method for the acquisition and tracking of Binary
Ofiset Carrier (BOC)(m,n) modulated codes, m/n equal to an
integer, particularly for satellite positioning/navigation sys-
tems, comprising the steps of:

acquiring at a receiver terminal a Binary Offset Carrier

(BOC)(m,n) modulated pseudo-random noise code,
from a remote transmitter;

generating a local replica of said pseudo-random noise

code at the receiver terminal; and

calculating a correlation function of the Binary Offset Car-

rier (BOC)(m,n) modulated code received with a code
w_ locally generated according to the relationship

w (T)=c(t,)-a-[prn(t, +nl /dm)+pru(t,—nl_/4m)]

wherein ¢(t) 1s a local replica of said Binary Offset Carrier
(BOC) modulated pseudo-random noise code with
delay T, PRN(t) 1s a replica of said unmodulated
pseudo-random noise code, and a 1s a predetermined
non-zero weight coetlicient,

said correlation function being at the base of an acquisition
test function, whereby a code acquisition 1s recognized
for a value of said test function being higher than a
predetermined threshold.

14. A system for acquisition and tracking Binary Offset

Carrier (BOC)(m,n) modulated codes, comprising:

means for acquiring a Binary Offset Carrier (BOC)(m,n)
modulated pseudo-random noise code from a remote
transmitter:;

means for generating a replica locale of said pseudo-ran-
dom noise code, and

processing means arranged for calculating an acquisition
test Tunction based on the Binary Offset Carrier (BOC)
(m,n) modulated code received and a local replica rela-
tive to said signal,

wherein said processing means are arranged for calculating
a correlation function of the Binary Offset Carrier
(BOC)(m,n) modulated pseudo-random noise code
received with a w_ code locally generated according to
the relationship

w_(t)=c(t, )—a-fprn(t, +nl /dm)+pru(v —ni /4m)]

wherein c(t) 1s a local replica of said Binary Offset Carrier
(BOC) modulated pseudo-random noise code with
delay T,, PRN(T) 1s a replica of said unmodulated
pseudo-random noise code, and a 1s a predetermined
non-zero weight coetlicient.

15. A receiver of a satellite positioning/navigation system,
comprising a system for the acquisition and tracking of codes
as defined 1n claim 14.

16. A method for the acquisition and tracking of BOC(m.n)
modulated codes, m/n equal to an integer, particularly for
satellite positioning/navigation systems, comprising the steps

of:
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acquiring at a receiwver terminal a Binary Offset Carrier
(BOC)(m,n) modulated pseudo-random noise code,
from a remote transmitter;

generating a local replica of said pseudo-random noise
code at the recerver terminal; and

calculating a correlation function of the Binary Offset Car-
rier (BOC)(m,n) modulated code received with a code
w_ locally generated according to the relationship

w (T)=c(t, )—a [pru(t +3nT _/Am)+pru(t, 3nl /4m)]

wherein ¢(t) 1s a local replica of said Binary Ofiset Carrier
(BOC) modulated pseudo-random noise code with
delay T,, PRN(T) 1s a replica of said unmodulated
pseudo-random noise code, and a 1s a predetermined
non-zero weight coetlicient,

said correlation function being at the base of an acquisition
test function, whereby a code acquisition 1s recognized
for a value of said test function being higher than a
predetermined threshold.

17. A system for acquisition and tracking Binary Offset

Carrier (BOC)(m,n) modulated codes, comprising:

means for acquiring a Binary Ofiset Carrier (BOC)(m,n)
modulated pseudo-random noise code from a remote
transmitter;

means for generating a replica locale of said pseudo-ran-
dom noise code, and

processing means arranged for calculating an acquisition
test Tunction based on the Binary Offset Carrier (BOC)
(m,n) modulated code recerved and a local replica rela-
tive to said signal,

wherein said processing means are arranged for calculating
a correlation function of the Binary Offset Carrier
(BOC)(m,n) modulated pseudo-random noise code
received with a w_ code locally generated according to
the relationship

w_(t)=c(t, )—a fprun(v, +3nl j4m)+pru(t,—3nl_/d4m)]

wherein ¢(t) 1s a local replica of said Binary Ofiset Carrier
(BOC) modulated pseudo-random noise code with
delay T,, PRN(T) 1s a replica of said unmodulated
pseudo-random noise code, and a 1s a predetermined
non-zero weight coetlicient.

18. A recerver of a satellite positioning/navigation system,
comprising a system for the acquisition and tracking of codes
as defined 1n claim 17.

19. A method for the acquisition and tracking of Binary
Oftset Carrier (BOC)(m,n) modulated codes, m/n equal to an
integer, particularly for satellite positioning/navigation sys-
tems, comprising the steps of:

acquiring at a recerwver terminal a Binary Offset Carrier

(BOC)(m,n) modulated pseudo-random noise code,
from a remote transmitter;

generating a local replica of said pseudo-random noise

code at the receiver terminal; and

calculating a correlation function of the Binary Offset Car-

rier (BOC)(m,n) modulated code received with a code w
locally generated according to the relationship

w(t)=[pru(t, +nT_/dm)+prn(t, ni_/dm)]

wherein PRN(T) 1s a replica of said unmodulated pseudo-
random noise code,

said correlation function being at the base of an acquisition
test function, whereby a code acquisition 1s recognized
for a value of said test function being higher than a
predetermined threshold.
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20. A system for acquisition and tracking Binary Ofifset
Carrier (BOC)(m,n) modulated codes, comprising:

means for acquiring a Binary Offset Carrier (BOC)(m,n)
modulated pseudo-random noise code from a remote
transmitter:

means for generating a replica locale of said pseudo-ran-
dom noise code, and

processing means arranged for calculating an acquisition
test function based on the Binary Offset Carrier (BOC)
(m,n) modulated code received and a local replica rela-
tive to said signal,

wherein said processing means are arranged for calculating
a correlation function of the BOC(m,n) modulated
pseudo-random noise code received with a w code
locally generated according to the relationship

w(t)=[pru(t, +nl_/dm)+pru(v,—nf_/4m)]

wherein PRN(T) 1s a replica of said unmodulated pseudo-

random noise code.

21. A recerver of a satellite positioming/navigation system,
comprising a system for the acquisition and tracking of codes
as defined 1n claim 20.

22. A method for the acqusition and tracking of Binary
Offset Carrier (BOC)(m,n) modulated codes, m/n equal to an
integer, particularly for satellite positioning/navigation sys-
tems, comprising the steps of:

acquiring at a receiver terminal a Binary Offset Carrier

(BOC)(m,n) modulated pseudo-random noise code,
from a remote transmitter;

generating a local replica of said pseudo-random noise

code at the receiver terminal; and

calculating a correlation function of the Binary Offset Car-

rier (BOC)(m,n) modulated code received with acode w
locally generated according to the relationship

w(t)=[pru(t, +nl_ /2m)-pru(v,—nf_/2m)]

wherein PRN(T) 1s a replica of said unmodulated pseudo-
random noise code,

said correlation function being at the base of an acquisition
test Tunction, whereby a code acquisition 1s recognized
for a value of said test function being higher than a
predetermined threshold.

23. A system for acquisition and tracking Binary Offset

Carrier (BOC)(m,n) modulated codes, comprising:

means for acquiring a Binary Offset Carrier (BOC)(m,n)
modulated pseudo-random noise code from a remote
transmitter;

means for generating a replica locale of said pseudo-ran-
dom noise code, and

processing means arranged for calculating an acquisition
test Tunction based on the Binary Offset Carrier (BOC)
(m,n) modulated code received and a local replica rela-
tive to said signal,

wherein said processing means are arranged for calculating
a correlation function of the Binary Offset Carrier
(BOC)(m,n) modulated pseudo-random noise code
received with a w code locally generated according to
the relationship

w(t)=[pru(t, +nl_ /2m)-pru(t,—-nf_/2m)]

wherein PRN(T) 1s a replica of said unmodulated pseudo-
random noise code.
24. A recerver of a satellite positioming/navigation system,
comprising a system for the acquisition and tracking of codes
as defined 1n claim 23.
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